In their studies of the genetic determination of tyrosinase (o-diphenol:oxygen oxidoreductase; EC 1.10.3.1) synthesis in Neurospora crassa, Horowitz and Fling (12) reported the discovery of a second phenol oxidase which catalyzed the oxidation of dihydroxyphenylalanine, but not tyrosine, and was found chiefly in the medium. Stadler (19) showed that the genetic locus affecting the temperature stability of tyrosinase had no effects on the properties of this second phenol oxidase. Its production in several strains of Neurospora was studied by Sueoka (N. Sueoka, Ph.D. thesis, California Institute of Technology, Pasadena, 1959) , who showed that this enzyme was laccase (pdiphenol:oxygen oxidoreductase; EC 1.10.3.2) according to its substrate specificity and its spectrum of inhibitors. No serological similarities between tyrosinase and laccase could be detected. Thus, the existence of laccase in Neurospora has been known for 20 years, but definitive studies on the mechanism of its induction, its physical and chemical properties, its biological function, and its relationship both functionally and genetically to tyrosinase have not been carried out. This study of the induction of laccase synthesis in Neurospora permits a comparison with the mechanisms regulating this enzyme in other fungi (3, 4, 7, 18) and also with the regulatory systems for tyrosinase and ' Present address: Department of Neurobiology, Harvard Medical School, Boston, Mass. 02115 related enzymes in Neurospora (10, 11, 12, 13, 14, 15) .
MATERIALS AND METHODS
Organisms. Neurospora crassa wild-type strain 69-1113a and mutants ty-1 and T22 were kindly supplied from the Caltech collection by N.H. Horowitz.
Culturing conditions. Stocks were maintained on agar slants (9) at 30 C in constant light. For induction experiments, 40 ml of Fries minimal medium, containing 20% of the normal sulfur concentration (15) in 250-ml Erlenmeyer flasks, was inoculated with 0.20 ml of a conidial suspension (Absorbancy at 600 nm 0.1) and incubated at 35 C without shaking. After 48 + 3 h, the inducer was added, the flask was transferred to 30 C, and the incubation was continued on a rotary shaker (2-cm stroke diameter at 200 rpm). Growth was measured by weighing mycelia which had been dried overnight at 80 C.
Assays of enzyme activities. Culture filtrates were used as a source of extracellular laccase. Intracellular laccase was extracted by grinding the mycelia pads with sand in 5 to 7 ml of cold 0.10 M sodium phosphate buffer, pH 6.0, followed by centrifugation at 17,300 x g for 20 min to remove sand and cell debris. The assay was initiated by the addition of 0.10 ml of enzyme sample to 5.0 ml of 0.10 M sodium phosphate buffer, pH 6.0, containing 10 Gel electrophoresis. Sodium dodecyl sulfate polyacrylamide gel electrophoresis was performed according to Laemmli (16) with 10% acrylamide gels. Culture filtrates were concentrated 10-fold with a collodion bag (Sartorius membrane filter, Gottingen, Germany) and were dialyzed versus the sample buffer. Samples of 0.30 ml were applied to the gels and subjected to electrophoresis until the tracking dye reached the bottom (about 4 h). Protein bands were visualized with Coomassie brilliant blue (16) .
RESULTS
Laccase in noninduced cultures. No detectable laccase was produced by N. crassa at any stage of asexual growth on agar plates. However, after incubation of stationary liquid cultures for long periods of time (10 to 15 days), small amounts of laccase were present in the media. This result, which is consistent with earlier findings (N. Sueoka, Ph.D. thesis, California Institute of Technology, Pasadena, 1959), indicates that the Neurospora genome possesses the structural gene for laccase which is repressed in rapidly growing cultures.
Induction of laccase with cycloheximide. The addition of cycloheximide to rapidly growing 2-day-old cultures of Neurospora induced laccase synthesis, particularly at relatively low concentrations (Fig. 1) . Laccase production was maximal around 3.0,M cycloheximide. Higher concentrations (10 to 14 AM) of cycloheximide produced very little laccase. The similarity of this curve with that reported for the cycloheximide induction of Neurospora tyrosinase (11) is striking. The cycloheximide dose response for intracellular laccase was essentially the same. A concentration of 2.8 AM (0.8,ug/ml) cycloheximide was chosen for the remainder of the induction studies presented here.
The production of laccase after the addition of cycloheximide and the corresponding growth curves are shown in Fig. 2 . After about 100 h, autolysis began in the noninduced cultures, and the weight of the mycelia began to decrease. Small but significant amounts of laccase were produced during this autolysis stage. In the induced cultures, growth was inhibited approximately 50% during the first 48 h after cycloheximide addition. Laccase production began after a short period and increased rapidly. This was true for both intracellular and extracellular laccase, although the rate of production of the intracellular enzyme decreased by 145 h of cultivation time. It should be noted that the production of extracellular laccase was quite variable from one culture to another, as indicated by the standard errors shown in Fig. 2 . Because of this variability, experiments were always performed in triplicate. The production of intracellular laccase was much less variable.
Throughout all stages of the induction, at least 65 and sometimes 90% of the laccase produced was extracellular. To eliminate the possibility that the extracellular appearance of this enzyme was due to lysis of the cells in the presence of cycloheximide, the ratio of intracellular to extracellular tyrosinase (an intracellular enzyme) was determined. More than 95% of the tyrosinase was intracellular, whereas 70% of the laccase was extracellular. Furthermore, the specific activity of the laccase (units of activity per amount of protein) in the media continually increased, indicating that the laccase was being specifically excreted. Finally, as shown later, the number of different proteins in the culture fluid actually decreased during the induction period. Thus, the extracellular appearance of laccase does not seem to be due to cell lysis. (11) . Induction with phenolic compounds. The basidiomycete Polyporus versicolor produces extracellular laccase, particularly in the presence of certain phenolic compounds that serve as substrates for the enzyme (4). Two phenols that are particularly effective, 2,5-xylidine and o-toluidine, plus p-cresol were tested for their ability to induce laccase production in Neurospora. All these compounds, especially 2,5-xylidine, induced laccase production (Table  1 ). However, other compounds shown to induce laccase in Polyporus, including iodoacetic acid, Induction by fasting. Neurospora tyrosinase can be induced by fasting in carbon-free media (in which spontaneous derepression occurs very slowly) or, more effectively, in phosphate buffer (11, 14) . The addition of protein synthesis inhibitors to fasting cultures gave different results, depending on the method of starvation. Protein synthesis inhibition reduced the amount of tyrosinase induced by starvation in phosphate buffer, but strongly stimulated the induction in carbon-free media. To continue the comparison of laccase and tyrosinase induction, the effect of fasting in the presence and absence of cycloheximide on laccase production was studied. Cultures were grown under normal conditions for 48 h, the medium was replaced with either phosphate buffer or sucrose-free media, and the incubations were continued as usual. No detectable laccase was induced by starvation in either sucrose-free media or phosphate buffer, even after a cultivation time of 145 h when a small amount of laccase appeared in nonfasting cultures (Fig. 3) . The addition of cycloheximide to cultures fasting in sucrose-free media, however, was very effective in derepressing laccase synthesis. In fact, such conditions were superior to the usual ones (normal media plus cycloheximide) since roughly 50% more laccase was produced. Inhibition of protein synthesis with cycloheximide in cultures fasting in phosphate buffer also produced laccase, though significantly less than in normal cultures. This may be due to a deficiency of copper, since laccase is known to be a copper-containing phenol oxidase (17) . Essentially the same results were obtained with intracellular laccase (data not shown).
Laccase production by tyrosinaseless mutants. Several tyrosinaseless mutant strains of Neurospora have been described in which the regulatory mechanism for tyrosinase synthesis is abnormal. These include tyrosinaseless-1 (ty-1) and tyrosinaseless-2 (ty-2), which grow well on minimal media, but, in contrast to the wild type, do not produce tyrosinase in response to fasting (14) . The enzyme can be induced, however, with protein synthesis inhibitors such as cycloheximide. Genetic studies have shown that the ty-1 and ty-2 loci are not equivalent to the structural gene for tyrosinase. Strain T22 is a single-gene, female-sterile mutant that produces little or no tyrosinase under any inducing conditions tested. Like ty-1 and ty-2, it is not a tyrosinase structural gene mutant.
Since some of the information presented here suggests that tyrosinase and laccase synthesis may be controlled by similar mechanisms, it was of interest to determine whether these tyrosinase regulatory mutants also exhibited abnormal laccase production.
The mutants ty-1 and T22 were cultured as usual and induced with cycloheximide (Fig. 4) . Mutant ty-1 could be induced to produce laccase with cycloheximide but to a much lower extent than the wild type, at least when both were examined at the same inhibitor concentration. As was found with tyrosinase, T22 produced almost no laccase when induced with cycloheximide. duction. The culture medium of normal, noninduced cultures contained 10 to 12 proteins as revealed on gels 1 to 4. This pattern changed very little during the cultivation period, with the possible exception of one or two highmolecular-weight bands. In contrast, the pattern in cycloheximide-induced cultures (gels 5 to 8) was very different, both quantitatively and qualitatively. Even after only 24 h of cycloheximide induction (72-h cultivation time), many of the bands had disappeared, whereas one had increased in intensity. The amount of this band reached a maximum at 96 h and then decreased. Also, the intensity of another higher molecular weight band increased continually with induction time. This band was most likely laccase since it co-migrated with purified Neurospora laccase (gel 9), and its intensity increased concomitantly with the increase in laccase activity (Fig. 5) . These two bands constituted the majority of the proteins present in the extracellular medium after 96 h of induction time (145-h cultivation time). It appears that the synthesis of the other extracellular proteins present in normal cultures was inhibited by 2.8 gM cycloheximide, and they soon disappeared owing to normal protein turnover.
The function of the other extracellular protein induced by cycloheximide is unknown. Several activities were tested, including cellulase, peroxidase, and protease. Cellulase and peroxidase were not detected, and protease was present in roughly equal amounts in both the control and induced cultures.
DISCUSSION
The production of laccase has been investigated in a number of different fungi, particularly Ascomycetes and Basidiomycetes. A comparison of the results presented here on the induction and localization of Neurospora laccase has revealed interesting similarities and differences. In their investigations of the phenol oxidases of the ascomycete Podospora anserina, Esser et al. (3, 18) have shown that laccase is produced constitutively and is composed of three forms of different molecular weights. The largest of these three, laccase I, may be a polymer of forms II and III. In contrast to Neurospora laccase, 95% of the Podospora enzyme is intracellular. The basidiomycete Polyporus versicolor produces some laccase constitutively but large amounts, most of which is extracellular, are induced by the addition of certain phenols to the cultures (4). Since Neurospora also produces laccase in response to phenols, particularly 2,5-xylidine, it may be postulated that both fungi have similar regulatory mechanisms for laccase synthesis. However, Grabbe et al. (7) have shown that agents which uncouple oxidative phosphorylation are also quite effective laccase inducers in Polyporus, suggesting a connection between these two processes. Such compounds were not effective in causing Neurospora to produce laccase. It seems possible that phenols may interfere with protein synthesis indirectly and induce Neurospora laccase in this manner. Whether Polyporus and Neurospora possess similar mechanisms for the regulation of laccase requires further investigation. Aspergillus nidulans produces laccase during the conidiation process, which functions to give the spores their green color (2). Thus, yellow-spored Aspergillus mutants have been shown to lack laccase and, under certain conditions, can be acted upon by externally added laccase to produce green spores. It was deduced that the enzyme probably functions extracellularly, but no inducers were found. Phenols were not effective. The evidence available indicates that Neurospora laccase is not involved in conidiation. No detectable laccase is produced during conidiation and the two laccase-less mutants exhibit nearly normal conidiation processes.
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Furthermore, the conidial pigment of Neurospora is thought to be of carotenoid and not phenolic nature (21 L-amino acid oxidase and tyrosinase seem to be subject to a common control mechanism in Neurospora (10) . Both are induced with ethionine or by starving with equal lag periods and are affected in the same way by the ty-1 mutation. Furthermore, sexually differentiating cultures contain large amounts of both enzymes. It would be of interest to determine if the tyrosinase, 1-amino acid oxidase, and laccase genes are clustered. Since authentic operons are almost nonexistent in Neurospora, it is likely that they are unlinked, though perhaps regulated in parallel.
The function of laccase in Neurospora is unknown. However, the results presented here indicating that tyrosinase and laccase possess a common regulatory mechanism suggest that these two copper-containing phenol oxidases may exert their influence concomitantly. Tyrosinase is thought to catalyze the formation of melanin from monophenols during perithecia formation (8) and is thus of interest as an enzyme involved in a developmental process of the organism. It may be that laccase, a diphenol oxidase, also functions in this process, catalyzing the incorporation of diphenols into the structural pigment from its extracellular locale.
The effect of mutations in the laccase structural gene on perithecial differentiation would be of particular interest in this question.
